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Abstract

Mechanical vibration affects the accuracy of optical fiber current sensor causing error in optical
current measurement. In practice, the sensing part of the optical sensor is susceptible to environmental
perturbations such as mechanical vibration to the sensing fiber. Reciprocal polari-metric sensor
configuration can reduce current measurement error due to the vibration. The accuracy of our model is
within 0.01% of the actual value and satisfies application in metering,

Keywords — fiber optic current sensor, uniformly distributed vibration effect, polarimetric current sensor.

1. INTRODUCTION

Fiber optic current sensors rely on Ampere’s
law and Faraday effects. These are used in the
electric power industry for revenue metering, relay,
protec-tion and control. The advantages over
conven-tional current transformers (CTs) include
broad linear dynamic range (more than five orders
of magnitude), broad bandwidth (DC to many
MHz), no hysteresis, and by proper design,
insensitivity to electro-magnetic interference (EMI)
and radio-frequency interference (RFI).

Several approaches of fiber optic current
sensor based on Faraday effect has been
demonstrated [1]. Fiber-optic current sensors have
several advantages over conventional CTs, but they
have yet to overcome undesirable susceptibility to
environ-mental perturbations, e.g. temperature, and
acoustic vibrations in the sensing part [1]-[2]. One
ap-proach is unidirectional polarimetric technique
but it suffers from both linear and circular birefrin-
gences in the sensing fiber. A reciprocal
polarimetric current sensor configuration has been
presented to counter the birefringences error. The
vibrations affect the birefringence property of the
fiber in the sensing part. Unidirectional polari-
metric current sensors suffer from environmental
perturbations due to varying birefringence in the
sensing part [2). The results are shown in false
current readings from environmental perturbations.

In this paper, we show a reciprocal fiber
optic current sensor configuration including
normalized contrast ratio, and effects of uniformly
distributed vibration on the sensor. The accuracy
of this sensor is within 0.01% of the actual value
and satisfies application in metering (accuracy of
0.3%).
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Figure 1 Reciprocal fiber optic polarimetric current
sensor configuration, LD: 'laser diodes, NBS: non-
polarizing beam splitter

2. SENSOR PRINCIPLES

Based on magneto-optic Faraday effect,
when light propagates in an optical fiber wound
around a current carrying wire (see Figure 1), the
induced magnetic field causes a rotation of the
linear polarization plane of light wave. This angle
of Faraday rotation, AF , through which the plane
of polarization rotates, is given by

AL~ V[jﬁ- i m
C

where F is the Verdet constant of the optical fiber,
His the magnetic field intensity along the
direction of light propagation, and / is the optical
path along the fiber loop. Relying on Ampere’s
law, this closed loop integral of magnetic field
around a wire is proportional the current, /, flowing
through it, i.e.

1=[jf?- dl . @)
C

Therefore, the angle of rotation, AF in
the fiber loop configuration is given by
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where N is the number of turns of optical fiber E=I:A _B} ™)
wrapped around the current carrying wire. The Boag)
stability of Faraday rotation based current sensors, i e -=p :
through the Verdet constant, depends on source L=[ i jI ®)
wavelength and temperature. b ¢ ;

To measure current /, with constants N and i
¥, we can use a polarimetric sensor to measure AF . A= LSt smEcos(x ), ©
For the conventional unidirectional polarimetric i
current sensors, linearly polarized light is launched B =sin—sin(y), (10)
into a single-mode sensing fiber and a Wollaston 2
pfism'for evaluation of the current and static ]inez}r C&cos g + jsin B cos(¢), an
birefringence [3]-[4] analyzes the output polari- g 2
zation. - In practice, light travels through the fiber o P
loop exhibiting additional linear birefringence due D =sm55m(§), (12)

to bending and twist-induced circular birefringence
can be described by Jones calculus (see next
section). These birefringences affect the accuracy
and sensitivity to environmental perturbations ie.
vibrations of the sensor. Reciprocal fiber-optic
current sensors (see Figure 1) interrogate the light
in both directions. Since linear and twist-induced
birefringences exhibit reciprocal characteristics, the
reciprocal rotation of these birefringences cancel
when light propagates along and is back-reflected
down a fiber, The Faraday magneto-optic effect
exhibits nonreciprocal characteristics but the
Faraday rotation doubles when light propagates
along and is back-reflected down a fiber. Thus,
this optical configuration has the advantage to
minimize the birefringence induced offset problems
associated with the unidirectional polarimetric
current sensor.

3. MATHEMATICAL DESCRIPTIONS
OF A RECIPROCAL FIBER-OPTIC
POLARIMETRIC CURRENT SENSOR

We assume that vibration on the sensing
part of optical fiber is uniformly distributed. Then,
we analyze for uniformly distributed vibration on
reciprocal fiber-optic polarimetric current sensor.

Firstly we launched input light to non-polarizing
beam splitter and passes though single-mode fiber
with input angle (7) of 45°. Then it continues to
forward path of fiber loop to mirror. After that it
travels back to the backward path of fiber loop and
go to the same path. The following composite
Jones Matrix [5]-[6] describing the system is given
by

E '—‘_I:Ex]z-%i-M'i'R(q)'Em’ (4)

ouf

R S
Bu =g =0]" o}’ 13

a=JAYNI+T) +6°, (13)
B=\AWNI-T) +67, (14)

e 2(VN;+T). (15)
tan{ = _—Z(VN; =0 (16)

4. ANALYSIS OF THE NORMALIZED
CONTRAST RATIO (K)

The Wollaston prism is aligned at 45° and -45° to
the birefringence axis of the output end of the
sensing fiber. The contrast ratio (X) is defined as

e A '
K S ’4! - 1-45 ( I?)
45 -45°

Then, we can derive Eq (4) by using Eq (5) to
(12) as:

K = —cos(a)cos(f) +cos(¢ — x)sin(a)sin(f)  (18)

For ideal case, T and d = 0 are negligible, so
Eq (18) becomes '

Kia = —COS(4VNI) (19)

However, in practice, the use of high
circular birefringence T or “spun” fiber
(VNIL§ <<T, eg d=197,T=1207) can
overcome the intrinsic linear birefringence. This K
is called K., which is (see Appendix)

2
K, =—cos(4VNI)+ isin(a)sin(ﬂ) (20)
af
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To understand the performance of this
sensor, we show the characteristic plot of the
deviation of K (4K), which is

K - Ka

de

AK (%) = «100% @1

In this sensor, Figure 2 shows that the
deviation of K in percentage is within 0.0l % of
ideal case (T,

& = 0) when the range of the linear and circular
birefringences are (1.8, 2.0n) and (119.57,
120.57) radians, respectively.

AK (%) =0.00%
=0.01]

5.8

& (radian)

Figure 2 The deviation of K (4K) when VNI = 0.01
n radians as a function of & is between 1.8 © and
2.0 © radians T is between 119.5 m and120.5 ©
radians.

5. DEVIATION OF K (4K) Vs

LINEAR BIREFRINGENCE

This sensor exhibits small dependence on linear
birefringence. Figure 3 shows that the absolute
value of the deviation of K in percentage is below
1x107% when & is between -2 nm and 2 = radians
when VNI = 0.01 mwand T = 120 n radians. Using

Eq (18), (20), and (21), 4K(%) is given by

AK (%) =2.59616x10° 5% —9.24994x107°. (22)
In Figure 3 gives maximum & to achieve the

accuracy of 9.24994x107°% for revenue metering

application from Eq (22) is 0 rad.
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Figure3 Simulated deviation of K in percent varies
with linear birefringence (VNI = 0.01n, T= 1207).

6. APPENRENT CURRENT VS
LINEAR BIREFRINGENCE

Acoustic vibration on the sensing fiber can
cause angular rotation of light wave polarization
and may affect birefringence property of the
sensing fiber [8]. The result could be misread as an
actual current. Mechanical vibrations with a
magnitude of 3.0 g,, (1g = 9.8m/s%) applied to a
sensing fiber of unidirectional polarimetric sensor
can cause an apparent current of 400 A,
Simulated apparent current (7= 120 n, 8, = 0.3 sin
(2n f, t), and the total linear birefringence is
assumed to vary between 1.87 and 2.0n radians) for

_this sensor is shown in Figure 4. The frequency of

vibration or varying linear birefringence () is
chosen to be 50 Hz, which is common to electric
power systems [1]. Very small apparent currents of
less than 2.5x10" Amperes for 633 nm wavelength
when the total linear birefringence & is (1.8n, 2.0m)
radians and thed, is shown in Figure 4(a).
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Figure4 Simulated apparent current (b) in Amperes.
turns Vs birefringence (a) (VN/= 0 and T= 120m)

7. DISCUSSION AND CONCLUSION

The mathematical modeling of reciprocal
fiber-optic current sensor configuration is
demonstrated. The performance of the current

" sensor is similar to that of the ideal case (&, T = 0).

To satisfy the conditions of %DI and

VNIU 60 T helical winding on an acrylic torus is
presented. We can find the normalized contrast
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ratio K being affected by undesired changgs in
linear birefringence & caused by acoustic vibrations
and circular birefringence T. For large 7, deviation
of K (%) is a quadratic function of § but the
contribution of vibrations is small and within 0.01
% (0.01 % of the actual value required for
applications in metering). The apparent current
shows that the susceptibility of sensor to varying
linear birefringence is small and negligible.
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10. APPENDIX

To verify K., From Eq (18)
K= —cos(a)cos(,[? +cos({ - x)sin(a)sin(4)

K4 is occurred. in practical when &= 1.9nand T' =
120n, TO VNI and

2 2
[ s ! 5 =
2T +VNI) AT -VNI)

2
So an AT HIND 4] -8
2-(T +VNI)

oy
~ 2(T+VNI)[I +—[—J J
2\ AT +VNI)

~2(T +VNI)

where 1+ x =I+—;—, x[11,

P 2
P ~2T ~VNI) ‘*[E(_TTM)J

(Y]

~ 2T —VNI) 1+1(—‘5 ]
2( 2T -VNI)

)

e

~ 2T - VNI)

where \Il—lemg, X[

then, a — f = 4FNI , the first term on the right-
hand side of Eq (18) becomes

—cos(a)cos(f) = —cos(a — )
= —cos(4VNI)

and cos(¢ - x) = cos(¢) cos(z) +sin(¢)sin(y),
using Eq (15) and (16) to obtain
e A
cos(¢ —x)= 7 + g (T° -VNI?)

when VNI is very small and 2T = a = f§, then
cos($ — ) become

2

COS(C—z)=SE—1

Substitute into Eq (18), to get
52
K4 = —cos(a)cos(f) - sin(a)sin( ) + —ﬂsin(a)sin(ﬂ)
a,
52
=—cos(a - ) + —sin(a)sin( )
aff

2
= —cos(4VNI+ é'— sin(a)sin(5)
aff




